In an effort to scale down electronic devices to atomic dimensions 1 , the use of transition-metal oxides may provide advantages over conventional semiconductors. Their high carrier densities and short electronic length scales are desirable for miniaturization 2 , while strong interactions that mediate exotic phase diagrams 3 open new avenues for engineering emergent properties 4, 5 . Nevertheless, understanding how their correlated electronic states can be manipulated at the nanoscale remains challenging. Here, we use angle-resolved photoemission spectroscopy to uncover an abrupt destruction of Fermi liquid-like quasiparticles in the correlated metal LaNiO 3 when confined to a critical film thickness of two unit cells. This is accompanied by the onset of an insulating phase as measured by electrical transport. We show how this is driven by an instability to an incipient order of the underlying quantum many-body system, demonstrating the power of artificial confinement to harness control over competing phases in complex oxides with atomic-scale precision.
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Correlated transition-metal oxides host a diverse array of electronic and magnetic properties, including high-temperature superconductivity, quantum magnetism, ferroelectricity and Mott metal-insulator transitions (MITs). Their extreme sensitivity to dimensionality opens new routes to manipulate their collective ground states by confining their thickness to the nanometre scale. Unlike other atomically thin materials such as graphene, however, their properties typically cannot be accurately predicted by ab initio density-functional theory (DFT) due to strong electronelectron correlations. A major challenge of theoretical condensedmatter physics is to treat these interactions accurately. Approximations such as dynamical mean-field theory are still extremely computationally expensive and difficult for nanoscale systems, motivating the use of experimental approaches that combine tools to engineer complex oxides with atomic-scale precision with probes to simultaneously reveal their electronic structure and the many-body interactions at the heart of their subtle quantum phases.
Here, we make use of reactive-oxide molecular-beam epitaxy (MBE) to synthesize atomically defined layers of the correlated metal LaNiO 3 down to just one pseudocubic unit cell (u.c.) thickness, epitaxially stabilized on LaAlO 3 (001) substrates. Combining in situ angle-resolved photoemission spectroscopy (ARPES) with electrical transport measurements, we uncover an instability towards an insulating ordered phase that abruptly onsets at 2 u.c. We use ARPES to directly image how the momentum-resolved electronic structure evolves through the thickness-driven MIT, shedding new light on how phase competition can be manipulated at the nanoscale by building up correlated quantum materials, one atomic layer at a time. Figure 1 summarizes the bulk electronic structure of LaNiO 3 . The predominantly Ni e g -derived Fermi surface predicted by DFT (Fig. 1a ) comprises large hole pockets centred at the Brillouin zone corners and a small electron pocket at the zone centre, in good agreement with ARPES from our thicker films and previous soft X-ray photoemission 6 . From X-ray absorption 7 , we expect no substantial orbital polarization to be induced by the epitaxial strain of approximately 21% imposed by our LaAlO 3 substrates, consistent with our ARPES Fermi surfaces. Although DFT predicts the Fermi surface well (Fig. 1a, Supplementary Fig. 9 ), our measured energy (E) versus momentum (k) dispersions are strongly renormalized with respect to the calculations: the experimental bandwidth is a factor of seven smaller than the calculated bare band, and the dispersions we extract from fits to momentum distribution curves near the Fermi level E F have a velocity seven times smaller than in DFT (Fig. 1b) . This indicates a pronounced effect of electron-electron interactions narrowing the occupied bandwidth and sufficiently enhancing the effective mass to place LaNiO 3 on the borderline of a Mott transition 8 . This is in contrast to previous soft X-ray ARPES measurements 6 , which reported negligible renormalization of the hole-like bands. This is probably due to the modest energy resolutions that can be achieved using soft X-rays, which, in ref. 6 , exceeded our measured bandwidth by a factor of approximately three. Our measurements instead reveal an unusually strong mass enhancement of these carriers, consistent with heavy quasiparticle masses determined from thermodynamic and optical studies [9] [10] [11] [12] [13] and in qualitative agreement with recent dynamical mean-field theory calculations 14 . The electronic structure nonetheless remains characteristic of a model Fermi liquid (Fig. 1d) , with a frequency (v) dependence of the scattering rate v 2 ( Fig. 1c) and no large dispersion anomalies or vertical tails of incoherent spectral weight as often observed in other correlated materials 15 . We track how this strongly interacting electronic structure evolves as we confine LaNiO 3 to ultrathin dimensions where both quantum size effects and electron correlations would be expected to become progressively more dominant. Previous studies have found a gradual crossover to an insulating state by 5 u.c. thickness or above [16] [17] [18] [19] , but we find that the bulk-like electronic structure and Fermi liquid characteristics remain almost unaffected by film thickness down to 3 u.c., consistent with the persistent metallicity we observe in transport (Fig. 2) . At 3 u.c., this is the thinnest metallic nickelate reported to date [16] [17] [18] [19] . This reflects the high sample quality, supported by high residual resistivity ratios (RRR ¼ r(300 K)/r(4 K), where r(T) is the measured resistivity at temperature T) which exceed 11 at a thickness of 25 u.c. This is similar to the best values achieved in bulk LaNiO 3 (ref. 20 ) and higher than typically found for epitaxial nickelate films. It indicates low levels of disorder such as cation off-stoichiometry or bulk oxygen vacancies, which we confirm using post-growth highpressure oxygen annealing (Supplementary Discussion 1), enabling metallic transport even in ultrathin 3 u.c. films. Reducing the thickness by just one further u.c., however, causes the ARPES spectral weight near E F to be suddenly suppressed, the occupied bandwidth to be substantially broadened, and the films to become insulating by transport. For a single LaNiO 3 layer the resistivity becomes too high to be measured with our apparatus, and we observe no spectral weight at the Fermi level, indicating the opening of a full charge gap. While the resistivity of 2 u.c. films decreases following high-pressure oxygen annealing, healing some surface oxygen vacancies and time-dependent film degradation, the films remain insulating. This confirms that oxygen vacancies do not drive the MIT observed here 21 (Supplementary Discussion 1). Moreover, the direct correlation between the transport and spectroscopic properties of our films strongly supports that we have uncovered an intrinsic thickness-driven transition in 2-u.c.-thick LaNiO 3 epitaxial films, consistent with the MIT observed in bilayer LaNiO 3 /LaAlO 3 superlattices 5 . Our momentum-resolved spectroscopic observations allow us to rule out several further possible causes of this MIT. The bandwidth is independent of film thickness from 50 u.c. down to 3 u.c. (Fig. 3b) , which is incompatible with a Mott transition in the Brinkman-Rice scenario where a smooth divergence of the effective mass would be expected. This also rules out the possibility of bandwidth narrowing by quantum size effects, which would again be expected to induce more gradual changes in the electronic structure 22, 23 . We can exclude that strong localization 16 is responsible for the MIT in our samples. Our resistivity measurements do show signs of weak localization at 3 u.c. below 35 K, but the inelastic mean free path of carriers that we estimate from momentum distribution curve peak widths at the Fermi level is largely thickness-independent, remaining above 8 Å, even for the 2 u.c. sample, comparable with the film thickness and easily exceeding the Ioffe-Regel limit 24 expected for a localization-driven MIT.
Our measurements instead reveal that the MIT is correlated with a sudden breakdown of Fermi liquid-like quasiparticles at 2 u.c. As indicated by energy distribution curves at the Fermi wavevector, k F (Fig. 3a) , samples ≥3 u.c. support coherent quasiparticle-like excitations, indicated by the pronounced peak at E F , with only a small incoherent tail at higher binding energies. In contrast, decreasing the film thickness to 2 u.c. causes a pronounced suppression of the coherent peak, with almost all of the spectral weight transferred to incoherent excitations at higher binding energies. To describe this quantitatively, we define an effective quasiparticle residue, Z ′ (Fig. 3b, Supplementary Discussion 2) . We find this to be independent of film thickness down to 3 u.c., below which it suddenly drops Fig. 9 ). b, Measured E versus k dispersions, shown for an 8 u.c. thick sample along the red line in a, are renormalized by a factor of seven from the corresponding DFT calculations, as illustrated by comparing fits to momentum distribution curves with the scaled DFT calculation on the magnified view shown in the inset. c, The imaginary part of the self-energy extracted from momentum distribution curve peak widths and the (background subtracted) energy distribution curve at k F are both well described by the same analytic self-energy of a three-dimensional Fermi liquid (green lines,
, S imp ¼ 0.27 eV). Error bars indicate the uncertainty in extracting the imaginary part of the self-energy from our fits to momentum distribution curves, incorporating statistical errors in peak fitting, systematic errors and sample-to-sample variations. d, Together, our spectroscopic measurements are indicative of the spectral function A(k, v) of a model strongly correlated Fermi liquid, as shown by energy distribution curves (magnified near E F in the inset) simulated from our bare DFT band, assuming a Fermi liquid self-energy with a mass renormalization of 7 and b ¼ 79 eV 21 as in our experimental measurements. The impurity term has been set to 20 meV to aid visualization.
nearly to zero. We note that a temperature-dependent loss of quasiparticle coherence has previously been associated with an onset of insulating c-axis transport in several layered oxides 25 . Our measurements here show that a similar mechanism can lead to a dimensionality-driven MIT in ultrathin correlated metals. These findings are in striking contrast to previous photoemission studies that suggested a much more gradual loss of quasiparticle weight starting at films ≥10 u.c. (refs 18,19) , and its total suppression by 4 u.c. While such a slow crossover was attributed to gradual localization 19 , our sharp momentum distribution curves at E F , as well as the sudden collapse of quasiparticle residue we find at 2 u.c., instead points to an instability of LaNiO 3 to an underlying charge/spin order in two dimensions. The total loss of weight of the e g states is accompanied by a shift of the occupied t 2g and O 2p states to higher binding energies in our single u.c. sample (Fig. 2g) , notably similar to that observed through the temperature-driven MIT into a charge-ordered ground state in NdNiO 3 (ref. 27 ). This suggests that a similar charge and/or spin ordering triggers the thickness-driven MIT we observe in LaNiO 3 .
We note that experimental signatures of spin order, accompanying a MIT, have recently been observed in dimensionally confined bilayer LaNiO 3 /LaAlO 3 superlattices 5,26 , while bulk rare-earth (RE) RE 2-x Sr x NiO 4 with x ≈ 1 (a quasi-two-dimensional analogue of LaNiO 3 ) lies on the borderline of metallic and insulating charge-and spin-ordered phases 28 . Unlike mesoscopic superlattices or macroscopic bulk crystals, however, our work demonstrates how control between such ordered insulating and metallic phases can be achieved in a material with a total thickness on the order of only 1 nm. This highlights the power of dimensional engineering in ultrathin correlated oxides and suggests its potential for controlling novel electronic phases for use in functional nanoscale electronics. Recent calculations further support this picture, suggesting a pronounced stabilization of magnetically ordered insulating phases in bilayer (2 u.c.) and monolayer (1 u.c.) LaNiO 3 as .c.) . The angle-resolved spectra were background subtracted as described in Supplementary Discussion 2. The inset to g shows the near-E F angle-integrated spectra on a magnified scale, together with the corresponding thickness-dependent peak shifts (blue arrows) described in the main text. h, X-ray diffraction and atomic force microscopy (inset: a 4 u.c. sample; see also Supplementary Fig. 6 ) indicate the high structural quality of the samples and the absence of islanding down to the thinnest films. , polar distortions may cause small structural rumplings close to the LaNiO 3 surface 31 and out-of-plane Ni-O bond lengths could be modified at the LaNiO 3 /vacuum interface. An insulating surface resulting from such reconstruction or bond length disproportionation is not easily reconciled with our surface-sensitive measurements of the thicker films, and we find no evidence for increased octahedral rotations in our thinnest films from electron diffraction (Supplementary Fig. 7 ). Nonetheless, we do not rule out the presence of small structural distortions that could drive the system closer to the ordered phases characteristic of the sister rare-earth nickelates 32 . Even in the bulk, however, our measured Fermi surfaces exhibit strong in-plane nesting with wavevectors |q| ≈ 0.3p/a where a is the in-plane lattice constant, consistent with a stripe-or chequerboard-type ordering instability of the underlying electronic system 33 . Our ARPES measurements reveal a downward shift of the band bottom at 2 u.c. (Fig. 3b) , which would not be expected for a Mott transition or localization, but is reminiscent of the formation of a density wave, where corresponding gapping of the Fermi surface could drive a MIT. We stress, however, that the simplest weak coupling scenarios are insufficient to fully explain our data.
These would not give rise to the abrupt loss in quasiparticle coherence we find at 2 u.c. Moreover, we observe no back-bending of the bands near E F , which would correspond to a weak spectral signature of density-wave order, but one that is typically not observed in the strong-coupling limit even for systems with robust static order. Rather, our measurements for a film thickness of 2 u.c.-showing an incoherent band with residual spectral weight up to the Fermi level and rather low, albeit still insulating, absolute values of the resistivity-point to the presence of strongly fluctuating order in the bilayer (Fig. 4b) and its close proximity to the MIT. We thus expect short correlation lengths and a concomitant loss of quasiparticle coherence. In contrast, the lack of any spectral weight at the Fermi level and high resistivity of the single unit cell sample suggests freezing of this order in the true two-dimensional limit (Fig. 4b) .
Our measurements therefore reveal how the phase diagram of LaNiO 3 can be manipulated by controlling the number of electronically active NiO 2 planes (Fig. 4a) . We have shown how a resilient bulk-like correlated metal phase gives way to fluctuating and then static ordered insulators for double and single layers, respectively. A 2 u.c. sample is the first for which no Ni atom exists within a bulk-like environment for nearest-neighbour hopping along the surface normal direction (Fig. 4b) , ultimately driving its susceptibility to the incipient order of the two-dimensional limit. Finite interlayer hopping, however, allows fluctuations to play an essential role, placing this quasi two-dimensional compound right at the border between paramagnetic metallic (3 u.c.) and ordered insulating (1 u.c.) phases. Our work thus demonstrates the power of precise layer-by-layer control for tuning the delicate balance between competing phases in correlated electron materials, opening the door towards an exotic new generation of atomic-scale oxide electronics.
Methods
Reactive-oxide molecular-beam epitaxy. Epitaxial films of LaNiO 3 were grown on (001) pseudocubic LaAlO 3 substrates by reactive-oxide molecular-beam epitaxy in a Veeco GEN10 system equipped with reflection high-energy electron diffraction and utilizing a high background partial pressure of 1 × 10 25 torr of distilled ozone as an oxidant during growth. Our La and Ni effusion cells were mounted in differentially pumped enclosures (Veeco retractable differentially pumped sources) to prevent source oxidation during growth and to maintain good flux stability. Samples were grown at a temperature of 550 8C using alternating monolayer depositions of LaO and NiO 2 , followed by a 20 s annealing time. Further details of our growth procedure and sample characterization are presented in Supplementary Discussion 1.
Angle-resolved photoemission spectroscopy. After growth, the samples were cooled in the same pressure of distilled ozone in which they were grown to 250 8C and then immediately transferred through ultrahigh vacuum to our ARPES chamber with a base pressure better than 5 × 10 211 torr. The total transfer duration was 300 s. ARPES measurements were then performed using a VG Scienta R4000 hemispherical electron analyser and a monochromatized VUV5000 helium plasma lamp. One of the Fermi surface maps in Fig. 1a was measured using the He IIa line (hv ¼ 40.8 eV, where h is Planck's constant and v the light frequency). All other measurements shown here were performed using He Ia radiation (hv ¼ 21.2 eV). The measurement temperature was 20 K for the data shown from film thicknesses of 3, 5, 8, 25 and 50 u.c., 50 K for 2 and 4 u.c. and 330 K for the single u.c. thick sample to prevent charging. In all cases, we experimentally confirmed that the samples were not charging by performing beam flux-and temperature-dependent measurements. 
